The spatial arrangement of cellular metabolism in tumor tissue critically affects the treatment of cancer.
Introduction
Cellular metabolism and the tumor microenvironment play critical roles in the treatment of cancer.
1 Accelerated metabolism has long been known to be associated with a proliferative phenotype 2 and reduced responsiveness to therapy. 3 Recently there has been renewed interest in targeting metabolic enzymes of cellular metabolism 4 for cancer-specific therapy. 5 However,
little is known about how extracellular transport and uptake relate to intracellular metabolism, and how nutrient gradients lead to cell death. Understanding these mechanisms would enable prediction of patient responsiveness to treatment. 6 Development of effective treatments for solid tumors requires quantification of the interactions between metabolism, diffusion and viability.
To investigate how transport affects metabolism it is necessary to use three-dimensional tissue. Measurements in monolayers of cells do not contain spatial gradients and dynamic measurements in animal models are challenging. 7 Several in vitro devices have been developed to reproduce the gradients in tumors, including multicellular spheroids, 8 cylindroids, and microfluidic devices. 9 These devices mimic the arrangement of cells around blood vessels that control the supply of nutrients. 10 Spheroids are spherical masses of cells surrounded by growth medium (Fig. 1A) . 11 Nutrients and oxygen diffuse into the cell mass through the outer edge and are consumed by cells. 12 Most spheroids contain necrotic cores, similar to necrotic regions typical of tumors. 13 Cylindroids are similar to spheroids, but are bounded on the top and bottom by transparent surfaces to enable optical access to the center (Fig. 1B) . 14 This accessibility allows for real-time quantification of the cellular microenvironment without sectioning or staining. 15 The geometry of cylindroids (Fig. 1B ) enables quantitative measurement, because light from the central, transportlimited region does not have to pass through successive layers of cells. The absence of oxygen, or hypoxia, is usually described as the primary cause of cell death in tumors. 16 Using a mathematical model of cancer cell metabolism, we previously predicted that the absence of a carbon nutrients would similarly induce death. 17 Supporting this prediction, we have shown that the primary oxygen-responsive transcription factor, HIF-1a, does not affect metabolism in the absence of glucose. 18 In spheroids, the presence of central hypoxia depends on cell type. 19 Spheroids have been formed that have both hypoxic 20 and well-oxygenated 21 cores. Supplying oxygen directly to the center of cylindroids prevents cell death, 22 but the role of carbon nutrients is unknown. Multiple studies have investigated oxygenation of spheroids using oxygen-sensitive dyes 23 and microbeads. 24 To date, only computational methods have been used to investigate the connection between oxygen and carbon transport in tumors. 25 A prominent aspect of cancer cell metabolism is rapid consumption of glucose.
2b, 26 This trait has been recognized for a long time, and is characteristic of rapidly proliferating cells. 2a,27 The metabolism of glucose and oxygen consumption are closely connected. One link between them is the metabolism of lactate. In the absence of oxygen, glucose is consumed and converted into lactate. 28 However, if substantial oxygen is present, both glucose and lactate can be consumed and converted into carbon dioxide by the TCA cycle. 29 Rapid uptake of glucose and lactate is enabled by high-capacity 30 transporter enzymes: GLUT-family enzymes 31 for glucose and MCT1 for lactate. 32 Recently, it has been shown that MCT1 is necessary for tumor growth 33 and its silencing kills tumor cells in mice. 34 Other metabolic characteristics of tumors are low pH, 35 subpopulations of apoptotic cells, 36 and rapid consumption of glutamine. 37 Acidic conditions reduce cell proliferation, increase autophagy, 38 and increase invasiveness. 39 Glutamine consumption is essential for proliferating cells that utilize it as either a secondary source of energy or for the production of biosynthetic precursors.
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To understand the interaction between metabolism and transport, we quantified metabolite concentrations in threedimensional tumor models. We hypothesized that depletion of carbon sources, in the absence of hypoxia, causes apoptosis and death, and uptake of oxygen is controlled by intracellular metabolism. To test these hypotheses we used two in vitro models: tumor spheroids and tumor cylindroids, which were developed in our laboratory. Fluorescence microscopy and cylindroids were used to measure pH, oxygen, and the spatial organization of viable, apoptotic and non-viable cells. Spheroid dissociation and GCMS analysis were used to measure intracellular concentrations of glucose, lactate, glutamine and other amino acids as a function of distance from the exterior edge. A mathematical model was used to calculate metabolite uptake rates and determine the dominant mechanisms of transport and uptake. The coupled use of cylindroids, spheroids and computational techniques enabled (1) parallel, spatial measurement of viability, apoptosis, oxygen, and metabolite profiles; and (2) integration of these measurements into a single model of transport and metabolism. These measurements of nutrient diffusion and uptake show how cellular properties create heterogeneity in tumors.
Materials and methods

Formation of tumor spheroids and cylindroids
All experiments were conducted with LS174T colon carcinoma cells, grown in Dulbecco's Modified Eagle medium with 10% fetal bovine serum at 37 1C and 5% CO 2 . Spheroids were formed by growing cell aggregates in tissue culture flasks coated with 20 mg ml À1 methacrylate for 14 days (Fig. 1A) .
Tumor cylindroids were formed by inserting spheroids into a 96-well plate with a specially designed top plate that was attached to a set of polycarbonate cylindrical plugs (Fig. 1B) . 14 The distance between the bottom surface of the well and the bottom of each plug was adjusted to 150 AE 5 mm. The diameter of each cylindroid was dependent on the size of the inserted spheroid. Large spheroids form from smaller spheroids with time. Spheroid size is an indication of age. Spheroids ranging in size from 150-1000 mm in diameter were selected based on their size, symmetry, and overall integrity. Cylindroids were immersed in 100 mL of media, which was added to each well through holes adjacent to each plug in the polycarbonate lid. After being constrained, cylindroids were allowed to equilibrate for 22 hours to establish oxygen and metabolic gradients. Constraining spheroids did not affect cylindroid physiology; solid-stress would dissipate in less than one minute. 41 
Measurement of cell viability
Cell viability was measured in small and large cylindroids to determined the effects of cylindroid size and molecular transport on cellular survival. Five small cylindroids, with diameters less than 500 mm, and five large cylindroids, with diameters greater than 500 mm, were formed and stained with the live/ dead cytotoxicity kit (Life Technologies, Grand Island, NY). After equilibration, the medium in each cylindroid-containing well was replaced with 100 mL of DMEM containing 1 : 250 (v/v) 3,3 0 -dioctadecyloxacarbocyanine (DiOC 18 (3)) to stain for viable cells. Cylindroids were incubated in staining solution overnight at 37 1C and 5% CO 2 . The staining media was removed and cylindroids were washed with 100 mL of PBS. These cylindroids were then stained for non-viable cells, by adding 100 mL of PBS containing 1 : 500 (v/v) propidium iodide each well. The cylindroids were incubated for 3 hours to allow for complete diffusion of the propidium iodide to the center.
To quantify viability as a function of position, fluorescence images were acquired and converted into radial intensity profiles. Images were acquired using an inverted microscope (Olympus, Center Valley, PA) equipped with a 10Â Plan-APO fluorescence objective (NA = 0.40), a 100 W HG lamp (Olympus), and IPLab software (Scanalytics, Fairfax, VA). Two filter sets (Chroma, Rockingham, VT) were used: a 470/40 nm band-pass excitation filter, a 495 nm dichroic mirror; and a 525/50 nm band-pass emission filter (to image viable cells) and a 535/ 50 nm band-pass excitation filter; a 565 nm dichroic mirror; and a 590 nm long-pass emission filter (to image dead cells). Tiling macros were used to acquire images of cylindroids larger than 400 mm in diameter. Four panels (size: 665.8 Â 873.9 mm), acquired with a 10Â objective, were joined together to create an image that could be centered on larger cylindroids. Tiled images allowed for more accurate quantification of fluorescence intensity. Radial profiles were generated from fluorescent images by first measuring the radius of each cylindroid using transmitted light images. The fluorescence intensity of pixels, within circular annuli from cylindroid centers (r = 0) to edges (r = R), were averaged using a script in ImageJ (NIH Research Services Branch). Profiles were corrected for auto-fluorescence by subtracting fluorescence intensities of images acquired prior to the addition of fluorescent dyes. Fluorescence values were normalized by the maximum intensity in each profile.
Measurement of apoptosis
The extent of apoptosis was measured in small and large cylindroids using the CaspGLOW Red Caspase-3 staining kit (BioVision, Inc., Mountain View, CA). This assay utilizes the caspase-3 inhibitor, DEVD-FMK conjugated to sulfo-rhodamine (Red-DEVD-FMK), as an in situ fluorescent marker. DEVD-FMK irreversibly binds to activated caspase-3 in apoptotic cells. After cylindroids were formation and allowed to equilibrate, 100 mL of 1 : 1000 (v/v) Red-DEVD-FMK in DMEM was added to each well. Cylindroids were incubated in staining solution at 37 1C and 5% CO 2 for 2 hours. Fluorescence images were acquired and converted into radial profiles, corrected for auto-fluorescence, and normalized as described above. A 535/50 nm excitation, 565 nm dichroic, and 590 emission filter set (Chroma) was used.
Measurement of oxygen profiles
Oxygen profiles were measured in tumor cylindroids using ruthenium-tris(4,7-diphenyl-1,10-phenanthroline)dichloride (Ru-dpp; Sigma-Aldrich, St. Louis, MO). The Ru-dpp dye is intensely fluorescent at low oxygen concentrations and less fluorescent at ambient concentrations. The Ru-dpp assay was calibrated by acquiring fluorescence images of empty wells filled with 100 mL of 1 : 1000 (v/v) Ru-dpp in DMEM and measuring the average fluorescence intensity. Intensities were measured for wells exposed to ambient air (159 mmHg O 2 ; I ambient ) and exposed to pure nitrogen (0 mmHg O 2 ; I N 2 ). Background intensities for the calibration (I background calibration ) were measured for wells filled with DMEM and no Ru-dpp. To measure oxygen profiles, cylindroids were formed and equilibrated as described above. Images of these cylindroids were acquired to determine background intensities (I background measured ) and to correct for auto-fluorescence. A 100 mL solution of 1 : 1000 (v/v) Ru-dpp in DMEM was added to each cylindroid-containing well. Cylindroids were incubated in staining solution overnight at 37 1C and 5% CO 2 . Fluorescence images were acquired and converted into radial profiles as described above. Local oxygen concentrations were determined from the cylindroid radial intensity profiles based on a straight-line calibration:
Measurement of pH profiles
Profiles of extracellular pH were quantified in tumor cylindroids using 2 0 ,7 0 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, (BCECF; Invitrogen, Carlsbad, CA). The fluorescence of BCECF is sensitive to pH at 495 nm and not at 440 nm, enabling pH measurement independent of dye concentration. Images were acquired with a specific BCECF filter set (Chroma) with two excitation filters (440/20 and 495/10 nm), a dichroic mirror (515 nm) and an emission filters (535/25 nm). Fluorescent calibration measurements were taken in medium at pH 3.78, 7.55, and 11.2 to determine the linear relationship between pH and fluorescence, pH = 1.21R + 5.15, where the fluorescence ratio, R, is I 440 /I 495 . To determine the pH in cylindroids, 54 cylindroids were formed as described above. After equilibration, 100 mL of 1 : 1000 (v/v) BCECF in DMEM was added to each cylindroid-containing well. Cylindroids were incubated in staining solution for 17 hours at 37 1C and 5% CO 2 . Fluorescence images at the two emission wavelengths, 495 and 440 nm, were acquired and converted into radial profiles. Profiles were corrected for auto-fluorescence by subtracting intensities of background images, acquired prior to the addition of the fluorescent BCECF dye. Fluorescence intensities at each radial position were converted into pH values using the calibrated relationship. Radial positions were normalized and the profiles were averaged across all cylindroids.
Measurement of intracellular metabolites in tumor spheroids
Radial concentration profiles of intercellular metabolites were determine by dissociating spheroids into individual cell layers. 42 The dissociation procedure was repeated twice, once for enzymatic analysis and once for measurement of amino acids by GCMS. Spheroids were formed by inoculating a singlecell suspension of LS174T cells at a concentration of 1000 cells per ml into T-flasks coated with methacrylate. Spheroids were grown in flasks for 14 days, transferred to a 100 ml stirred vessel, and grown for an addition five days to ensure uniformity. Spheroids, 400-600 mm in diameter, were removed from the stirred vessel, separated into three equal groups and media was removed. Spheroids were washed twice with PBS to remove residual media, which would neutralize the trypsin solution. Each group of spheroids was transferred to a racetrack device, which consisted of two concentric petri dishes, one glued inside the other. The inclusion of a smaller petri dish inside the larger dish ensured that spheres did not clump at the center during oscillation. 42 PBS was removed and replaced with 5 ml of 0.5% trypsin in PBS. The racetrack was rotated at 80 RPM and 37 1C. After 20 minutes, dissociated cells in the PBS/trypsin were removed without removing the spheroids, and 10 ml DMEM was added to stop the trypsin reaction. The spheroids in the racetrack were rinsed with PBS and another 5 ml of 0.5% trypsin was added to remove the next cell layer. Dissociated cells were centrifuged for 5 minutes, resuspended in 10 ml PBS, and counted by hemocytometer. Each layer of dissociated cells was then centrifuged for an addition 5 minutes and resuspended in 10 ml water. Samples were homogenized to break cell membranes and release cellular contents. Homogenized samples were submerged in liquid nitrogen and lyophilized overnight. The dissociation procedure was repeated to remove five layers of cells. The distance from the spheroid outer edge to each dissociated layer was calculated using
where D t is the spheroid diameter, D n is the necrotic center diameter, and dc is the cumulative fraction of cells removed. 42 The concentrations of intracellular metabolites were determined by enzymatic analysis and GCMS. For enzymatic analysis, lyophilized samples was reconstituted with 100 mL water and the concentration of glucose, lactate, glutamate, and glutamine were directly measured using a biological analyzer (YSI, Yellow Springs, OH). For GCMS analysis, lyophilized samples were derivatized in 100 mL of dimethylformamide (DMF) and 100 mL of N-methyl-N-(tert-butyldimethyl-silyl) trifluoroacetamide (MTBSTFA) containing 1% tert-butyldimethylchlorosilane (TBDMCS). The TBDMCS was added as a catalyst to produce tert-butyldimethyl silyl (TBDMS) amino-acid derivatives. 43 Each sample was incubated at 70 1C for 1 hour before injection into the GCMS (Agilent, Santa Clara CA), which was equipped with a 30 m Â 0.25 mm DB-5 capillary column (0.25 mm film thickness, Supelco, Bellefonte, PA) and a time-of-flight mass spectrometer (Micromass, Beverly, MA). The injector temperature was 300 1C, the detector temperature was 280 1C, and the injection volume was 10 mL. The relative molar concentration of each amino acid in each sample was calculated from standard curves with standards of known concentrations.
Data assessment and statistical analysis
Two different culture techniques (spheroids and cylindroids) were used in this study. For viability, death, and apoptosis measurements, cylindroids of different size (small and large) were compared. The effect of location was determined by comparing the binned average of different radial regions (peripheral and central) across cylindroid populations. Radial comparisons were made with fluorescence measurements of oxygen and pH, using separate cylindroid populations for each. Metabolite concentrations were determined in three groups of spheroids for enzymatic analysis and three groups for GCMS. Each annular region was a separate population of cells removed from the exterior of spheroids by dissociation. Data are reported as means AE standard errors. Hypothesis testing was conducted using Student's t-test with two-tailed analysis. Statistical significance was assigned at P o 0.05.
Mathematical model of transport and metabolism
A mathematical model was used to interpret the radial concentration profiles of glucose, oxygen, and lactate. Parameters were determined numerically by fitting the model to experimentally measured radial concentration profiles of glucose, lactate, and oxygen. The model was solved using finite differences and constrained nonlinear optimization in Matlab (Mathworks, Natick, MA). Intracellular concentrations of glucose and lactate, with units of fmol per cell, were converted into bulk units, mmol L À1 , based on an average cell size of 1.64 pL per cell.
Oxygen partial pressures (in mmHg) were converted to concentration units (mmol L À1 ) using Henry's law. Diffusion coefficients for glucose, lactate and oxygen were determined from previous measurements in spheroids. 23, 40 Optimization was used to determine six parameters: Q 
Results
Cell viability in tumor cylindroids
The location of viable and dead tissue was identified in cylindroids was using fluorescence microscopy ( Fig. 2) . Fluorescent dyes were used to specifically identify proliferating ( Fig. 2A; center) , apoptotic ( Fig. 2B; right) , and necrotic View Article Online ( Fig. 2A ; right) cells. Small cylindroids, with diameters less than 500 mm, contained only viable cells and no dead cells ( Fig. 2A) . In comparison, large cylindroids, with diameters greater than 500 mm, contained distinct regions of viable and necrotic cells ( Fig. 2A) . Both small and large cylindroids contained apoptotic cells (Fig. 2B) . The co-localization of the two stains in large cylindroids indicates that cells had permeable membranes and died after activation of caspase-3. Fluorescence values were averaged as a function of normalized radial distance to create viability profiles for populations of small ( Fig. 2C ; n = 5 for live/dead; n = 6 for apoptosis) and large ( Fig. 2D ; n = 5 for live/dead, n = 3 for apoptosis) cylindroids. Viability profiles were consistent for all small and large cylindroids; the average relative error for these measurements was less than 7%. For small cylindroids, viable cells were located across the entire diameter and no dead cells were observed (Fig. 2C) . The extent of apoptosis increased from the outer edge toward the center. In large cylindroids, cell viability was greatest at the outer edge and decreased toward the center (Fig. 2D) . The extent of necrosis was low at the periphery and increased toward the center. Similar to small cylindroids, the extent of apoptosis increased from the outer edge toward the center. The apparent drop in viability in the outermost annulus of both profiles ( Fig. 2C and D) is an artifact caused by cylindroid geometry. Cylindroids do not have a straight vertical edge, but bulge slightly above the focal plane (Fig. 1B) .
Cell populations in small and large cylindroids were compared by averaging fluorescence intensities in the central and peripheral regions, defined as the inner and outer 10% of the total radius (Fig. 2E) . In large cylindroids, cell viability was greater at the periphery than the center (P o 0.001) and cell death was greater in the center compared to the periphery (P o 0.001; Fig. 2E ). In small cylindroids, there was no difference in viability or death with position (Fig. 2E) . For both small and large cylindroids, there was more apoptosis at the center than the periphery (P o 0.001; Fig. 2E ). In the center, viability was greater in small cylindroids (P o 0.001), and death was greater in large cylindroids (P o 0.001; Fig. 2E ).
Oxygen and pH gradients in tumor cylindroids
The extracellular concentration of oxygen was measured in cylindroids (Fig. 3A) using a ruthenium dye (Ru-dpp) that is florescent in low oxygen environments and is quenched in the presence of oxygen (Fig. 3B) . After administration, fluorescence from ruthenium quickly equilibrated indicating complete coverage of the dye across the width of cylindroids. In a typical diameter o500 mm; n = 5 for live/dead; n = 6 for apoptosis) and large (D; diameter >500 mm; n = 5 for live/dead; n = 3 for apoptosis) cylindroids. Some errors are small and the bars are obscured by data markers. (E) Extent of viability, necrosis and apoptosis in the interior and peripheral 10% of the cylindroid populations. Cell viability was greater in the center of small compared to large cylindroids (*, P o 0.001); cell death was greater in the center of large cylindroids (*, P o 0.001); and apoptosis was greater in the center compared to the periphery for both small and large cylindroids (*, P o 0.001). In large cylindroids, viability was greater in the periphery (*, P o 0.001), and death was greater in the center (*, P o 0.001).
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View Article Online cylindroid, the brightest fluorescence was observed in a ring between the edge and center (Fig. 3A) . Fluorescent images of cylindroids (n = 14) were converted into radial oxygen profiles (Fig. 3C ) based on calibrations of ruthenium in low and high oxygen environments. In the average oxygen profile (Fig. 3C) , there was a decreasing gradient from the cylindroid edge to a minimum at r/R = 0.8 and a slight increase toward the center. The extracellular oxygen concentration in the entire interior region (r/R r 0.975) was lower than at the edge (P o 0.01, Fig. 3C ). For the whole cylindroid population, the minimal oxygen concentration occurred at an average distance of 82 AE 4 mm from the edge. Based on a definition of hypoxia as less than 10 mmHg, 44 no region of the cylindroids, including the centers (P O 2 = 20.6 mmHg), were hypoxic (Fig. 3C ). These relationships were conserved for cylindroid of all sizes (R = 280 to 479 mm). Extracellular pH in cylindroids was measured with BCECF, a fluorescent dye that is sensitive to pH at 495 nm (Fig. 3D) . Radial pH profiles (Fig. 3E) were generated from fluorescence images (Fig. 3D ) from a population of cylindroids (n = 54). The centers of cylindroids (r/R o 0.5) were slightly acidic (pH = 6.92; P o 0.005) and the profiles had a maximum value of 7.03 at r/R = 0.875 (Fig. 3E) . Extracellular pH formed a plateau beginning at r/R = 0.5 that was constant through the cylindroid centers. The pH in this central region (r/R r 0.5) was significantly lower than at the maximum (P o 0.005, Fig. 3E ). Within the cylindroid population, the maxima and plateaus were located at average distances of 36 AE 10 and 125 AE 11 mm from the edge. There was no observed relationship between cylindroid diameter and central pH value. The decrease towards acidic pH values at cylindroid centers was observed for all cylindroids.
Metabolite concentration profiles
Metabolites concentrations were measured by dissociating successive layers of cells from spheroids ( Fig. 4 and 5) . Two different analytical techniques were used to measure concentration: enzymatic analysis (Fig. 4) and GCMS (Fig. 5) . Concentrations of glucose, lactate, and glutamine ( Fig. 4A-C) were lower in central layers compared to the outer layer (P o 0.05; n = 3). The profiles of these three metabolites decreased exponentially from the edge to the center (Fig. 4A-C) . The concentrations were less than 20% of the value at the outer edge by the third layer for all three. This layer was located at a normalized radius of 0.95, which was equivalent to 15 mm from the edge. The concentration of these nutrients was vanishingly small in the central region (Fig. 4A-C) . In the two innermost layers, with normalize radii of 0.70 and 0.79, the average View Article Online concentrations of glucose and glutamine were less than 1% of the values at the edge. The concentration profile for glutamate had a different pattern; it did not decrease toward the center and was relatively constant with radius (Fig. 4D) . The concentration profile of intracellular amino acids decreased toward the center of cylindroids, similar to glucose (Fig. 5) . The concentration of all measured amino acids was lower in the inner layer, at r/R = 0.70, than at the outer edge (P o 0.05; n = 3). The decrease in the concentration of essential amino acids (Fig. 5A ) was steeper than for non-essential amino acids (Fig. 5B) . In the inner layer, the average concentrations of valine, leucine, and isoleucine (Fig. 5A) were 5% of the outer layer. The average concentrations of alanine, glycine, proline, serine, and aspartate (Fig. 5B) in the inner layer were comparatively higher, and were 20% of values in the outer layer.
Mathematical modelling of cellular metabolism
A mathematical model was used to interpret the metabolite profiles of glucose, lactate and oxygen (Fig. 6) . The model coupled molecular diffusion and intracellular metabolism, and was based on a model previously developed in our laboratory. 45 Nutrient transport was modeled by balancing diffusion with cellular uptake
where, C i is the local nutrient concentration, Q i is the nutrient uptake rate, and i represents glucose, oxygen, or lactate. The diffusion coefficients, D i , for glucose, lactate, and oxygen were experimentally measured previously: 23, 40 1.05 Â 10 À6 , 1.78 Â 10 À6 , and 1.82 Â 10 À5 , respectively. The average radius was 245 mm. The uptake rate expressions, Q i , balance the kinetics of metabolite uptake (eqn (3)) with the stoichiometry of intracellular metabolism (eqn (4)).
The transmembrane uptake rates, Q trans i
, represent the maximum uptake rates based on metabolite availability in the extracellular environment and are described using MichaelisMenten kinetics (eqn (3)). The parameters, Q max i and Km i are the maximum uptake rates and saturation concentrations of metabolite i. Balanced uptake rates (Q Gluc , Q Ox and Q Lac ) are limited by the stoichiometry of intracellular metabolism (eqn (4)). These two expressions account for the primary metabolic reactions of glycolysis and the TCA cycle. 45 They are based on three assumptions: (1) cells consume glucose when it is available, (2) oxygen uptake is limited by either transport or the availability of carbon sources, and (3) lactate can be consumed as a carbon source when the concentration of glucose is low and the concentration of oxygen is high. In this model glucose and oxygen can only be consumed and lactate can be produced or consumed. 45 Explicit terms for cell viability were not included because all observed metabolic changes (Fig. 4 ) occurred within viable tissue (Fig. 2) . The uptake rates of glucose and lactate were obtained by fitting the model (eqn (2)-(4); Fig. 6A-C) to the measured radial concentration profiles (Fig. 4) . Over the entire radius, the uptake rates of glucose and lactate were linearly dependent on concentration (P o 0.001) and did not saturate, indicating that uptake kinetics were first order (Km i c C i and Q , respectively. At all positions, lactate was consumed (Fig. 6B ) and the uptake of oxygen was stoichiometrically controlled (Fig. 6C) . Because oxygen uptake was not dependent on transmembrane transport, values for Q max Ox and Km Ox were not determined. Oxygen uptake (Q Ox ) was equal to the stoichiometric limit of intracellular metabolism (eqn (4); 6Q Gluc + 3Q Lac ) across the entire radius (Fig. 6D) .
To demonstrate the effect of a hypothetical limit on transmembrane oxygen uptake, model parameters were artificially modified (Fig. 6E) . If the maximum rate of oxygen transport (Q max Ox ) was reduced, uptake rates would have been lower (compare Fig. 6D to E) . Limited oxygen uptake would have altered observed metabolic profiles. At the outer edge of the cell mass, lactate would have been produced, not consumed (Fig. 6E) . This effect would have been detected as an increase in lactate concentration at the edge, rather than the observed exponential decrease (Fig. 6B) .
The availability of oxygen throughout the tumor mass (Fig. 6C ) decoupled lactate transport (eqn (2) and (3)) from intracellular stoichiometry (eqn (4)). Because C Ox was large, Q trans Ox was greater than the limit of intracellular stoichiometry. As the lower value in the minimization expression (eqn (4)), oxygen uptake was given by 6Q Gluc + 3Q lactate were calculated to be 88.9 and 83.3, indicating that uptake was faster than diffusion for whole spheroids. This relation was not true for oxygen, which was not limited by diffusion or transmembrane uptake (Fig. 6E) . Although the transport of glucose and lactate was diffusion-limited for whole spheroids, the kinetics of transmembrane transport greatly affected local uptake rates (Fig. 6F) . At the measured kinetic rate, the uptake of glucose was high at the outer edge and decreased steeply toward the center (Fig. 6F) . Artificially reducing the glucose rate constant (k Gluc ) 4 and 10 fold, reduced uptake at the edge and increased uptake towards the center (Fig. 6F ).
Discussion
The measurement of viability and nutrient concentrations in three-dimensional masses of tumors cells identified several important characteristics of cell metabolism that depend on position relative to the nutrient source. Apoptosis was present in both small and large cylindroids, but necrosis was only seen in large cylindroids (Fig. 2) . The center of the cylindroids was not hypoxic (Fig. 3) , but there were steep gradients of glucose, glutamine, and lactate (Fig. 4) . The rapid decrease in glutamine concentration (Fig. 4C ) indicated a high rate of glutamine uptake. Measured concentration profiles (Fig. 4) were fit to a mathematical model (Fig. 6) , and showed that lactate was rapidly consumed and not produced (Fig. 6B) , as is often thought to occur in tumors. 46 The centers of cylindroids was observed to be acidic (Fig. 3 ) and most amino acids were consumed (Fig. 5) . Most of these metabolic patterns are representative of all tumors, including rapid uptake of glucose and glutamine. Although the absence of hypoxia cannot be generalized to all tumors, rapid lactate consumption would be a characteristic of well-oxygenated tumors.
Apoptosis was primary mechanism of cell death
In these cell masses composed of colon carcinoma cells, apoptosis was the primary cause of cell death (Fig. 2) . The presence of apoptosis in the center of small cylindroids (Fig. 2B) , and the absence of necrosis ( Fig. 2A) suggests that apoptosis occurred prior to necrosis. The centers of large cylindroids, on the other hand, were both apoptotic (Fig. 2B ) and necrotic ( Fig. 2A) . Comparison of small and large cylindroids indicates how cell masses change with time. Large spheroids form from smaller spheroids that have grown.
The patterns of apoptosis and necrosis in larger spheroids appeared because of continued metabolism and growth of small spheroids. As spheroids grew larger than 500 mm in diameter, the inner 77% of the volume had almost no available carbon source (Fig. 4) . The dependence on size suggests that nutrient deprivation first induced apoptosis, which was followed by necrotic death.
Cell death was caused by depletion of carbon sources and not hypoxia
In the observed cell masses, hypoxia was not observed (Fig. 3) and was not the cause of death. The primary reason for the absence of hypoxia, based on the mathematical model (Fig. 6) , was rapid consumption of glucose, which killed cells close to the edge and enabled oxygen to diffuse to the dead inner core. While hypoxia is often of the cause of cell death in tumors in vivo, 16b these measurements of viability show that cell death ( Fig. 2) can occur in the presence of sufficient oxygen (Fig. 3) . In these cultures, nutrient depletion ( Fig. 4 and 5) was the primary cause of death. The rapid decrease in lactate concentration toward the center of cylindroids (Fig. 4B) indicates the extent that the carbon supply was limiting. Glutamine depletion (Fig. 4C) was also an important factor contributing to cell death. We have previously shown in cylindroids that glutamine depletion induces apoptosis. 15 For these cells, death was not caused by buildup of lactate (Fig. 4B) or depletion of nonessential amino acids, which were not completely exhausted (Fig. 5B) . These results support predictions generated by a mathematical model previously developed in our laboratory. 47 This model predicted that, although hypoxia is often the primary cause of cell death, cell physiology and nutrient availability can alter this dependence, and carbon depletion can be the primary cause of death. The implication of this observation is that hypoxia is not necessary for cell death in vivo. Cells will die because of lack of nutrients even if they have sufficient oxygen.
Carbon consumption for biosynthesis
The consumption of amino acids (Fig. 4 and 5 ) was most likely for biosynthesis of proteins and macromolecules. Four different patterns of consumption were observed suggesting four different metabolic roles: (1) glutamine was rapidly consumed (Fig. 4C) ; (2) essential amino acids were completely consumed (Fig. 5A) ; (3) non-essential amino acids were consumed, but not completely (Fig. 5B) ; and (4) glutamate was not consumed (Fig. 4D ). For comparison, the average change in concentration over the outer 5% of the radius for glutamine, essential, and non-essential amino acids was 2.1, 0.20, and 0.020 fmol per cell, respectively (Fig. 4 and 5) . The difference between essential and non-essential amino acids suggests that non-essential amino acids are consumed for biosynthetic routes other than protein synthesis. 40b Cells consume glutamine for two purposes: to synthesize nucleotides, fatty acids and other amino acids or to generate energy. 2b The consumption of glutamine in the presence of available glucose (Fig. 4) suggests that glutamine was primarily utilized for biosynthesis. This explanation is supported by isotopic labeling experiments that showed that cancer cells predominantly use glutamine for biosynthesis.
18,48
Glutamate was not consumed (Fig. 4D ) because it is a sideproduce of rapid glutamine consumption, and its intracellular concentration is usually high, reducing the driving force for uptake. Acidity not caused by lactic acid
The measurement of low pH (Fig. 3 ) and low intracellular lactic acid (Fig. 4B) indicates that lactic acid was not the source of acidity. It was most likely caused by the production of carbonic acid, as we have shown previously in mice. 46 In glycolysisimpaired tumors, lactic acid production is negligible and significant acidification is still observed. 49 Comparatively, in monolayer cultures, a high glycolytic flux, is usually coupled with high rates of lactate production. 48 This distinction illustrates the importance of three-dimensional cultures for quantifying cellular metabolism. In spheroids, glucose and lactate were consumed in parallel (Fig. 4) , a phenomenon not seen monolayers. 48 Kinetics of glucose and lactate uptake
The mathematical model of central metabolism (eqn (2)-(4); Fig. 6 ) enable interpretation of the measured concentration profiles. The most significant observations were that (1) oxygen uptake was limited by the stoichiometry of primary metabolism, (2) oxygen uptake was not limited by membrane-transport or mass transfer through the cell mass, and (3) the saturation constants (K m ) of glucose and lactate uptake were high, and uptake was first-order. The model showed that the high rate of lactate uptake was enabled by an abundant supply of oxygen (Fig. 6) . Oxygen was necessary for catabolism of lactate, which can only provide cellular energy via the TCA cycle. 2b Limited oxygen would have resulted in lactate production (Fig. 6E) , not consumption as was observed (Fig. 4B ).
The first-order kinetic rates of lactate and glucose indicates that the transporter enzymes for glucose and lactate (e.g. GLUT and MCT1) were not near saturation. These high saturation concentrations would explain the high glycolytic rates seen in cancer. Unrestricted uptake could also be the cause of cell viability patterns seen in tumors. In well-supplied tissue, rapid uptake of carbon would enable rapid cell growth. However, it would also rapidly deplete the local environment. This depletion would create cellular regions that are starved for nutrients, even when oxygen was available (Fig. 6F ). This in turn would lead to apoptosis and cell death (Fig. 2) . The importance of the transporter enzymes was demonstrated by computationally reducing the uptake rate constants (Fig. 6F) , which decreased consumption at the edge and increased consumption in the center. In turn, this inhibition of transmembrane transport would decrease proliferation in supplied regions and decrease apoptosis far from nutrient sources (Fig. 2) . In these observed tumor masses, transporter proteins controlled metabolism because neither oxygen uptake nor availability were limiting ( Fig. 6D and E) . Biologically, transport capacity is dependent on both catalytic rate and enzyme expression. This suggests that the expression and kinetics of GLUT and MCT1 should be investigated and both of these enzymes should be further explored as drug targets 34 for well-oxygenated tumors.
Conclusions
Measurement of cell viability and metabolite concentrations identified several unexpected characteristics of cancer cells grown in three-dimensional culture. It was found that center of the colon-carcinoma cylindroids were not hypoxic; that lactate was consumed, not produced; that there were steep gradients of glucose and glutamine; and that apoptosis was primary mechanism of cell death. Together these measurements indicated that nutrient gradients, and not hypoxia, caused apoptosis and cell death. Integration of these results into a coupled computational model of transport and metabolism identified several significant metabolic characteristics of cells in three-dimensional tissue. Cellular uptake of glucose and lactate was not saturated and nearly first-order. Oxygen uptake was limited by the stoichiometry of intracellular metabolism, and not by membrane transport or diffusion through the cell mass. These results are important because they suggest that the transporter enzymes of glucose and lactate control the fate of cancer cells in tumors, and are targets for treating oxygenated tumors.
